In nephrology, chronic kidney disease is defined by both proteinuria and measurement of glomerular filtration rate (GFR). This article focuses on GFR and different ways to define its normal reference values. In this context, we compare two perspectives: first the reference values defined by measuring GFR in normal individuals (the 'classical way') and secondly a fixed cut-off value at 60 mL/min/ 1.73 m 2 according to the associated mortality risk (the 'prognostic way'). Following the classical way, we can assert that normal GFR values are largely over 60 mL/min/ 1.73 m 2 in healthy subjects, at least before the age of 70 years. However, we know that GFR physiologically decreases with age, and in adults older than 70 years, values below 60 mL/min/1.73 m 2 could be considered normal. Following the 'prognostic way', the fixed cut-off of 60 mL/min/1.73 m 2 has been retained in the K-DIGO guidelines. However, we challenge this concept and the fact that the variable 'age' is poorly taken into account in these data. There is an obvious discrepancy between the reference values defined either by the 'classical way' or by the 'prognostic way' which we think could be largely reduced, if age was better taken into consideration in these definitions.
Introduction
In Nephrology, as generally in Medicine, making the diagnosis of a disease necessarily implies that we know what the healthy, physiological state is. Because chronic kidney disease (CKD) is most often asymptomatic, it is very important to accurately diagnose CKD as early as possible. At the same time, over-diagnosis of CKD has the potential to cause anxiety or lead to unnecessary clinical evaluation and treatments. Nowadays, the diagnosis of CKD is based on the measurement of two main biological variables: the presence of proteinuria and the decreased glomerular filtration rate (GFR) for at least 3 months. This article will focus on GFR and the difficulty of defining a 'normal' GFR value. In this context, a main issue will be the physiological decrease in GFR with ageing [1] [2] [3] . Indeed, there is debate in the recent literature regarding the actual criteria published for CKD definition based on estimated GFR (eGFR) or measured GFR (mGFR) [4, 5] . The choice of a fixed value (60 mL/min/1.73 m 2 ) as a cut-off between healthy and CKD status has been criticized. Healthy elderly subjects could be considered as having CKD based on their age-related decline in GFR, although they are actually 'nephrologically' safe according to their age [4, 6] . This decline in GFR with age is neither absolute nor predictable but is a phenomenon which encompasses senescence and may not necessarily be considered pathological. In this context, a better understanding of the 'normal' GFR values will help in this scientific debate. Our goal in this article is to review data from the literature, thus allowing a more precise definition of the normal range of GFR.
Preliminary methodological comments
Two methodological concerns must be addressed beforehand. The first concern is the way GFR is evaluated. Estimating GFR with creatinine-based equations such as the MDRD (for Modification of Diet in Renal Disease) [7] or the CKD-EPI (for Chronic Kidney Disease Epidemiology) [8] study equation can substantially underestimate GFR in a healthy population [9] [10] [11] . Even if less bias has been demonstrated for the new CKD-EPI equation in healthy subjects, errors in staging and poor precision still remain [10] . For example, in a series of 583 potential kidney donors with an eGFR of 45-60 mL/min/1.73 m 2 , the corresponding mGFR was 16 or 25% higher (for the CKD-EPI and the MDRD equations, respectively). Moreover, the bias between eGFR and mGFR varies with age [10] . One major drawback is the relationship between serum creatinine and muscular mass which may be misleading in the interpretation of eGFR, especially in the elderly. Samples in the MDRD and CKD-EPI studies were largely limited to patients under 70 years [8, 12] . Therefore, we have to confess that we do not really know how creatinine-based equations perform in older adults [7, 8] . There is however some reason to think that the performance is worse in elderly than in the young people [10, 13] . Moreover, the performance of the CKD-EPI equation in the elderly may probably not be better than the MDRD equation [6, 10] . Therefore, we focus our review on mGFR whenever data are available.
Our second methodological concern is the way 'normality' of a value can be determined. We will first discuss the available data in the literature which define the normal GFR values from 'the classical way', i.e. measuring GFR in a healthy population and calculating mean and SD (with stratification according to age) or calculating percentiles. This strategy, for example, has been followed for determining normal reference values of height and weight in paediatrics. However, from other specialties in Medicine, we know that this way to establish reference values is not the only possible one. Another method to define reference values is based on the risk of morbidity or mortality due to a pathological state. We call this strategy 'the prognostic way'. The classical example is the reference values assigned to total cholesterol values. In this example, the 'normal' upper concentrations are 268 mg/dL for men and 252 mg/dL for women if the definition is based on the mean concentration observed in a healthy population [14] . The upper normal reference range can move to only 175 mg/dL (if other cardiovascular risk) or 190 mg/dL (without cardiovascular risk) if the definition is based on the lowest concentration associated with a non-significant risk of cardiovascular mortality [15] . This type of definition is only possible if large population-based studies and intention-to-treat trials are available. Recently, such an approach was proposed for CKD. The fixed cut-off at 60 mL/min/1.73 m 2 has been justified by those arguments, i.e. the relationship between mortality risk and level of eGFR [5] . Nevertheless, this assertion can be challenged and the interaction of age on this relationship between GFR and mortality is discussed.
Lastly, it should be pointed out that our classification into a 'classical' and a 'prognostic' way means far more than just two similar approaches but in fact two wholly different entities with different statistical displays. Whereas the classical method aims to compare an individual kidney function to a mean reference value of comparable persons (displayed by means, SDs and percentiles), the prognostic method creates a reference GFR value that predicts an outcome (displayed by relative risks or population attributable risks and risk differences). In the first (classical) case, the reference value might be useful for determining drug dosage or screening metabolic complications [16] . In the second (prognostic) case, it can help to develop a treatment policy for people at a certain risk of developing that outcome. In this context, it should be noted that 'normal' values in the classical sense may in fact overlap with 'increased' risk values in the prognostic sense.
Distribution of GFR in healthy subjects: 'the classical way'
The 'ideal' study to define 'normal' GFR values would be a study with the following characteristics: the sample must be of sufficient size and representative of the general population (according to age, gender and ethnicity), the healthy status of the sample must be unquestionable, the method used to measure GFR must be accurate and the statistical assessment must be adequate. From a statistical point of view, the distribution of GFR in the population should be described by location parameters such as median, percentiles and the 5th percentile to define the lower normal value [3] . The most important studies on this topic are summarized in Table 1 . We focus our review on articles including at least 30 healthy subjects and mGFR by a reference method. We use the Pubmed database and the classical textbooks of Nephrology. The two most cited works are historical and have been published in the famous textbooks published by Smith [17] and Wesson [18] in 1951 and 1969, respectively [17, 18] . These studies are not based on original data because the authors included only few of their own subjects. In fact, they compiled data from different studies published earlier. Most of them included only small sample and subjects included were very heterogeneous. Also, the definition of healthy status is either poorly defined or even inaccurate (hypertensive subjects are often included), the range for age is not sufficient (there were only few individuals above the age of 70 and all derived from the same study [2] , see below), the results are often restricted to Caucasians and women are mostly underrepresented [17, 18] . However, because of the large overall sample size and GFR measurement by inulin (the gold standard for GFR measurement), the results are nowadays still considered valid. In summary, Smith [17] found a mean mGFR of 127 mL/min/1.73 m 2 and 118 mL/min/1.73 m 2 for men and women, respectively. For Wesson [18] , the values were 130 mL/min/1.73 m 2 and 120 mL/min/1.73 m 2 for men and women, respectively, which can be considered equivalent. Even if the authors do not discuss this fact [19] , Smith [17] and Wesson [18] observed a difference according to gender. However, such a difference was not confirmed by the vast majority of the authors publishing on this topic thereafter [19] [20] [21] [22] [23] [24] [25] [26] . Only Poggio et al. [3] , in 2009, found a statistical difference between women and men but the authors underlined that this difference (only 3%) was not relevant from a clinical point of view. Interestingly, they hypothesized that this difference 'could be due to the differences in physiological demand for GFR that is inadequately modeled by body surface area (BSA)' [3, 27] . Also, more recently published studies presented lower GFR values as normal, i.e. at 100-110 mL/ min/1.73 m 2 [3, 19, 21, 22, [24] [25] [26] [28] [29] [30] [31] [32] compared with prior studies published in the 1950s or before [2, 17, 18, [33] [34] [35] [36] . The first explanation for such a discrepancy could be the BSA adjustment. Indeed, as it was elegantly demonstrated by Poggio et al. in their own cohort, weight, body mass index and thus BSA have increased during the last three decades, inducing a slight but significant decrease in adjusted GFR. Such a decrease was not observed when non-adjusted GFRs were considered [3] . A second reason could be the differences in GFR measurements. In most recent studies, iothalamate, iohexol, 51 Cr-EDTA and 99 Tc-DTPA are preferentially used instead of inulin, and slight differences could occur between reference markers [37] . Even when using the same marker, small differences in the proposed reference values can be observed [21, 22] , which can at least partly be explained by the difference in methodology used to measure GFR [37] . Also, we have to keep in mind the biological variability of GFR which is estimated between 4 and 10% in healthy subjects [38, 39] .
At this point of the discussion, we still have not addressed the potential effect of ethnicity and age on normal GFR ranges. Regarding ethnicity, preliminary data in African-American (AA) subjects published by Shock [36] in 1946 suggested no significant difference between AA and Caucasians. These data have been confirmed by Poggio et al. [3] in a larger cohort, including both Caucasians and AA, showing no significant difference in mGFR according to ethnicity. In the Asian population, normal GFR values could be somewhat lower than for Caucasians as it has been suggested by studies in India, China and, to a lower extent, in Pakistan [20, 24, 40] . This lower value could either be due to differences in diet (most of Indian people are vegetarian) or the use of 99 Tc-DTPA plasma clearance as a reference method [20, 24] . Additional studies seem still necessary, especially one study including both Caucasians and Asians in the same analysis [41] .
Regarding the effect of ageing, it has been suggested for a long time that GFR physiologically decreases with age [42] . Most of the studies confirmed this hypothesis [2, 3, 17-19, 21-25, 28, 30, 32, 36, 43-45] ; nevertheless, we still have to explore the following: what are the normal GFR values in the elderly (over 70 years of age) and what is the physiological decline in GFR according to age? The main study on this topic is doubtless the study by Davies and Shock in The Journal of Clinical Investigation in 1950 [2] . The authors included 70 subjects aged 24-89 years. A number of 9-12 subjects were analysed for each decade. They demonstrated a continuous decrease in GFR values (from 123 ± 16 mL/min/1.73 m 2 at 20-29 years to 65 ± 20 mL/min/1.73 m 2 at 80-89 years). For the authors, the decrease in GFR was evaluated as 10 mL/min per 10 years. Despite the fact that exclusively men were studied and participants' health status was not sufficiently defined, this study is still frequently cited [2] . Moreover, it must be underlined that other authors showed some discrepant results with a decrease in GFR ranging from 6 [45] to 12 mL/min/1.73 m 2 per decade [28] (see Table 1 for details). All these studies are cross-sectional however, and there are no longitudinal studies in the elderly with follow-up data on mGFR. Only one longitudinal study using creatinine clearance has been published where the authors showed a decrease of 7.5 mL/min/1.73 m 2 per 10 years [1] . Still further studies are necessary to better understand the natural decline in GFR with age. There is also some doubt about the possible onset of GFR decline. Some authors showed that the decrease in GFR is continuous from the age of 20 years [25, 26, 32] , some demonstrated that it begins at the age of 40 or 50 years [2, 17, 18, 21, 28, 30] and others point out that it starts continuously but accelerates (and doubles) from the fourth or fifth decade on [3, 19, 24] . Furthermore, we want to emphasize that in 2012, it is still not possible to predict normal GFR values for subjects older than 70 years with sufficient accuracy. Several studies show some trends but the samples are very limited and/or little representative [2, 19, 24, 25, 28, 32, 36, 43] .
From our point of view, the study, performed in 2009 by Poggio et al. [3] , is until now the best work about 'GFR reference values'. The sample was of impressive size (n = 1057) and representative (including 11% of AA). GFR was measured by the reference method iothalamate, and results were presented as percentiles. However, also in this study, data are scarce above 60 years of age. Nevertheless, we want to point out some interesting results. The lower reference value (5th percentile) at 60 years was 64 and 60 mL/min/1.73 m 2 for men and women, respectively. Moreover, the decrease in GFR was shown to be 8 mL/ min/1.73 m 2 per 10 years. From these two results, it may reasonably be expected (but not proven) that the value of the 5th percentile in healthy subjects older than 70 years could be below 60 mL/min/1.73 m Normal GFR with a definition based on CKD-related mortality/morbidity risk: 'the prognostic way'
When we focus on studies analysing the mortality risk of CKD according to mGFR levels, a thorough conclusion is not possible because such studies do not exist. Therefore, we have to use data on eGFR which is, by itself, a limitation regarding the poor precision of creatinine-based equations around the value of 60 mL/min/1.73 m 2 [9, 10, 46] . The overall mortality (and especially cardiovascular mortality) associated with CKD has been illustrated by numerous studies [47] [48] [49] [50] [51] [52] [53] . However, recent data proposed by the Chronic Kidney Disease Prognosis Consortium are the most impressive in terms of sample size (more than 1 000 000 participants). The consortium included data from 21 trials studying mortality risk in the general population where results on proteinuria and eGFR (by the MDRD study equation) were available [54] . In the context of our review, we will focus on the variable 'age'. Indeed, there is debate in the literature about the interaction [54, 55] (or not [51, 56, 57] ) of age on the relationship between mortality and GFR level.
The impact of proteinuria on the cardiovascular and mortality risk has been largely confirmed by data from the consortium trial. The higher 'power' of the proteinuria parameter compared with the power of the eGFR in the mortality risk assessment is also evident, especially at higher eGFR levels [54, 58, 59] . Considering the general population, the overall mortality risk significantly increased when the cut-off for eGFR was set at 60 mL/min/ 1.73 m 2 , leading the authors to justify this threshold for the definition of CKD [54] . The hazard ratio (HR) for 1.46-1.75) ]. Even if the overall relationship between eGFR and all-cause mortality is similar in the two age categories, the proportion of subjects aged 70 years and above is small. Also, 'age' has been analysed in a dichotomous way and only few data are available for applying a continuous analysis. Under the assumption of a constant GFR decline with increasing age, a continuous analysis may be useful. Moreover, for younger adults, a median follow-up of 7.9 years could be considered as too short for endpoints like mortality, inducing an underestimation of the true effect. Let us imagine a 30-year-old man with a mGFR of 65 mL/min/1.73 m 2 : is it really reasonable to consider this patient as free from renal disease (although his GFR value is, by far, under the 5th percentile of normal mGFR), only because his relative risk to die within 10 years is not different from the population with normal GFR?
In elderly subjects, the relative risk of mortality could also be overestimated because the risk is related to an eGFR cut-off at 95 mL/min/1.73 m 2 which is probably too high for elderly individuals. The Nijmengen cohort proposed normal eGFR values ( percentiles) in the general population by the MDRD study equation [6, 60] . This MDRD value of 95 mL/min/1.73 m 2 is clearly above the 95th percentile of normal eGFR for individuals above the age of 70 years. Having said that, elderly individuals with a high eGFR could also have a higher mortality risk due to confounding by muscle wasting. This potential contradiction makes a definitive conclusion difficult regarding the link between CKD and mortality in elderly subjects when eGFR is considered. Interestingly, the higher mortality linked to higher eGFR (above 105 mL/min/1.73 m 2 ) was not found when a different renal biomarker like cystatin C was studied [61, 62] . Lastly, it should be remembered that all creatinine-based equations used to estimate GFR contain the variable 'age'. This could confound the relationship between eGFR and prognosis because age is the major risk factor for death.
Conclusions
The K-DIGO recommendations define GFR below 60 mL/min/1.73 m 2 as a disease, regardless of age. This recommendation is based on eGFR and on the higher risk of mortality associated with eGFR below 60 mL/min/1.73 m 2 [5] . We, and others, have already underlined the lack of precision and the systematic underestimation of GFR around 60 mL/min/1.73 m 2 by the MDRD study equation [9, 10, 46] . Even if the bias was less important with the new CKD-EPI equation, the precision however remains suboptimal [10] . Moreover, the performance of these equations is unknown in the elderly population. Regarding the mortality risk associated with lower eGFR (once again defined by the fixed knot at 60 mL/min/1.73 m 2 ), we feel that this link is not so obvious, and probably overestimated in elderly subjects, although this risk could be underestimated in young individuals.
Regarding the 'classical way', we do have sufficient data to assert that we know what normal mGFRs means in healthy individuals younger than 70 years [3] . On the contrary, for subjects over 70 years, it is obvious that we do not know which mGFR values can be considered 'normal', even if we can assert that normal values are probably lower than in younger subjects and potentially lower than 60 mL/min/1.73 m 2 for subjects above 70 years [2, 3, 36] .
There is thus a gap (we could say a gulf ) between the classically measured normal GFR values and those proposed as normal by the K-DIGO following the 'prognostic way'. This gap is frequently observed when results applicable to a population level are translated to the patient level. Compared with the Poggio and Rule GFR values [3] , the fixed knot at 60 mL/min/1.73 m 2 could actually be too low for young and too high for elderly people. We think that this gap can only be bridged if the parameter 'age' (senescence) is better taken into consideration. We are aware that differences in results may persist between the two definitions after adjustment for age. However, there is no doubt that this difference will be largely reduced.
